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Halide perovskites have emerged as materials for high-performance optoelectronic devices. 
Often, progress made to date in terms of higher efficiency and stability is based on increasing 
material complexity that is, formation of multicomponent halide perovskites with multiple 
cations and anions. In this review article, the use of in situ optical methods, namely 
photoluminescence (PL) and UV-Vis, that provide access to the relevant time- and length-scales 
to ascertain chemistry-property relationships by monitoring evolving properties is discussed. 
Additionally, because halide perovskites are electron-ion conductors and prone to solid-state 
ion transport under various external stimuli application of these optical methods in the context 
of ionic movement, is described to reveal mechanistic insights. Finally, examples of using in 
situ PL and UV-Vis to study degradation and phase transitions are reviewed to demonstrate the 
wealth of information that can be obtained regarding many different aspects of ongoing research 
activities in the field of halide perovskites.  
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1. Introduction 
 
Organic-inorganic metal halide perovskites received great research attention due to their 
outstanding optoelectronic properties,[1]–[5] bandgap tunability,[6][7] and ease of fabrication at 
low temperatures.[8] The family of metal halide perovskites crystallize in the ABX3 structure 
where the most commonly used monovalent cations A are methylammonium (MA), 
CH3NH3
+, or formamidinium (FA), CH(NH2)2
+.[9]–[11] Mixtures thereof with some amount of 
alkali metals have shown promising performance and stability.[7][12][13] Typically, in the best 
performing devices the B site is occupied by Pb2+. Alternatives like Sn2+ or Ge2+ have been 
tested but show lower device performance.[13] The X anions are typically halogens such as I-, 
Br-, Cl-. Over the last decade rapid and impressive improvements have been made leading to 
solar power conversion efficiencies > 25%.[14] Recently also for single crystal solar cells high 
power conversion have been reported (21.9%) [15]. 
In this review, we discuss the use of non-destructive optical probes, in particular 
photoluminescence (PL) and UV-Vis, which are used by many laboratories for ex situ 
characterizations, but now with slight technical modifications to use them for in situ 
monitoring of evolving or changing optical properties. As an example, most of to dates’ 
highest performing photovoltaic devices are based on chemical solution synthesis using spin 
coating technique to form polycrystalline thin films. The conversion processes during spin 
coating and annealing include wet film thinning, solvent evaporation causing supersaturation 
followed by nucleation and growth, and finally, coarsening of the grains.[8] All these steps can 
influence final film properties including crystal structure, morphology, and electrical and 
optical properties. Thus, in situ monitoring of optical properties offers a powerful real time 
probe to capture dynamical processes that occur during spin coating and annealing. Given the 
fact that lead halide perovskites are not only electron but also ion conductors there is 
substantial mass transport occurring in the sample depending on external stimuli such as light, 
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heat or electric fields.[16] In situ monitoring the optical response of the perovskite material 
with respect to the stimuli is instrumental in revealing mechanistic insights and designing 
strategies how to mitigate undesired ionic transport. Many recent in situ studies of halide 
perovskites have been employed to advance our understanding of dynamical processes related 
to halide perovskite formation, degradation, ionic movement and phase changes including 
diffraction measurements,[17]–[22] terahertz spectroscopy,[23]–[25] UV-Vis spectroscopy,[26]–[30] 
electron microscopy,[31] Raman,[32] and PL.[32]–[40]  
Frequently, researchers use the terms “light soaking” or “continuous laser irradiation” when a 
sample is exposed to illumination (typically at fixed power and excitation wavelength) while 
recording PL or UV-Vis spectra over a certain time. While the term in situ is often used in 
relation with synthesis. The common concept however, is a process or sample under 
illumination with consecutive recording of optical spectra (PL, reflection, or transmission). 
We begin this review by discussing challenges related to light being the experimental probe 
and best practices to limit probe-related effects and damage. Subsequently following are 
discussions on how in situ PL and UV-Vis can provide insights into nucleation, growth, thus 
providing process control, ion exchange reactions, degradation and phase transitions. This 
will be demonstrated not only on polycrystalline thin films but also on nanocrystals. In each 
section we will discuss a few research examples to illustrate application of in situ PL and UV-
Vis. Finally, we identify future opportunities based on the simultaneous in situ recording of 
optical and electrical properties for example, to provide a holistic picture revealing dynamics 
at different time and lengths scales including mechanistic insights under operating conditions.  
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2. Characterizing Halide Perovskites by Light Excitation 
It is well known that halide perovskites are sensitive to several conditions including moisture, 
elevated temperatures, irradiation, oxygen, and electric bias.[32][35][36][41]–[48] Here we want to list 
how the optical probe (monochromatic and white light) may induce (reversible and irreversible) 
changes in metal halide perovskites. It will become obvious that there can be an interplay 
between light excitation, ion migration, and material degradation. Please note that this is not 
intended to be an exhaustive discussion including detailed understanding of why the described 
mechanisms happen. We rather want to sensitize the reader to probe-related effects and provide 
some best practices and recommendations for experimentalists.  
The photophysical processes occurring in metal halide perovskites after light excitation at room 
temperature are schematically illustrated in Figure 1a. After excitation predominantly free 
charge carriers are generated, but likely also Wannier-Mott excitions.[1] The latter however will 
dissociate within picoseconds due to the low binding energy.[49] After thermalization to the band 
edges charge carriers are mobile giving rise to drift and diffusion. In the presence of trap states 
this leads to trapping, de-trapping as well radiative and non-radiative recombination of charge 
carriers within the bulk and at grain boundaries.[50] The combination of high charge carrier 
mobility and potentially high amounts of trap states can lead to trap filling which can drastically 
change carrier lifetimes and consequently recombination properties, thus PL response.[1][51] 
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Figure 1: a) Schematic illustration of photophysical processes in halide perovskites after light absorption, starting 
with creation of free charges and Wannier-Mott excitons followed by de-excitation processes. Adapted with 
permission.[52] Copyright 2015, Royal Society of Chemistry. b) Power dependent change of PL spectra of mixed 
MAPbI1Br2 films under constant continuous wave laser illumination (407 nm) over 900 s. Reproduced with 
permission.[32] Copyright 2018, American Chemical Society. c) PL intensity change over time when illuminating 
a MAPbI3 sample with excitation wavelength larger than 520 nm (photo-brightening) or smaller than 520 nm 
(photo-degradation). Reproduced with permission.[36] Copyright 2019, Royal Society of Chemistry. 
 
Sample illumination can have several effects which are dependent not only on external factors 
such as laser excitation power, excitation wavelength, and atmosphere, but also on internal 
factors such as trap density and elemental composition.[32][35][36][47][53]–[61] Importantly, these 
effects can have mutual dependencies. The light dose for example can reduce the trap density 
(by an order of magnitude),[54] with the measurement environment being likely the cause for 
trap formation or passivation.[55][62] Photo-induced ion migration is another example of probe-
related effects[53][54] that plays a critical role and leads to significant changes in optical 
properties caused by the laser illumination.[32]  
Ruan et al.[32] investigated the influence of probe-related effects and showed that the kinetics 
of halide segregation severely depend on the laser power (Figure 1b). It should be considered 
that the usage of a focused laser beam often results in significantly higher intensities than 
experienced under solar equivalent illumination and these higher intensities can lead to 
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illumination induced degradation over time. Photostability was found to be composition 
dependent. In addition, sample degradation is highly laser wavelength dependent with shorter 
wavelength illumination causing more damage at a fixed power.[32][36] Quitsch et al.[36] found 
photo-brightening or -degradation for MAPbI3 samples depending whether they are exposed to 
a laser light with wavelengths larger or smaller than 520 nm, respectively (Figure 1c). Besides 
the number of photons absorbed, the photon energy thus plays a critical role.[32] It is debated to 
which extend continuous illumination versus pulsed illumination influences halide 
segregation.[55][63] 
Further, it is important to know that photochemical reactions in the presence of O2 have been 
reported.[32][35][52][64][65] Since the proposed mechanism involves the formation of a superoxide 
O2
- which can fill in iodide vacancies, not only the measurement environment but also the 
number of vacancies (i.e. defects) matter. As an example, a thousand-fold boost of initial PL 
yield as an effect of light curing with O2 was measured.
[52] In this context, the chemical 
composition of the perovskite sample also plays a role. For example MAPbBr3 exhibits better 
photostability than MAPbI3 in both, air and N2.
[32] Additionally, the PL intensity of perovskite 
films measured in vacuum can change over time under constant illumination.[35][55] Lastly, PL 
enhancement was not only reported with dependence on the atmosphere but also on crystal 
size.[52] 
Another probe related degradation process could be caused by local heating due to high laser 
power densities. Using Raman measurements on single crystals, it was found, that the effects 
of light versus heat degradation are different with decomposition under laser irradiation being 
much more severe than under elevated temperature.[32] Again, chemical composition influences 
thermal stability, where MAPbBr3 exhibits higher thermal stability than MAPbI3.
[32] In another 
study, halide segregation was investigated at low temperatures to evaluate to which extend laser 
heating is involved in this phenomenon.[53] The authors excluded that laser heating is 
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responsible for the observed spectral changes under laser light.[53] As a final point, we want to 
briefly mention probe-induced sample modifications when multiple probes such as electron 
beam and laser illumination are used together or simultaneously.[64][66] Significant changes in 
PL have been observed due to scanning electron beam exposure including a dependence on 
sample morphology.[52][64]  
Given these many effects which potentially overlap or have mutual dependencies, research 
results might show apparent discrepancies. One possible explanation could be the lack of 
reporting complete experimental conditions. Therefore, it is highly recommended that 
measurements are taken with great diligence. For each sample and each setup, the user needs 
to investigate effects of laser illumination for the excitation wavelength used in the respective 
study. Cross checks at different excitation powers under time dependent illumination are highly 
recommended. Depending on the goal of the study, it might make sense to find measurement 
conditions with least degradation and impact on the sample in order to ensure reliable and 
reproducible results. To avoid reaction with the atmosphere, film encapsulation with 
Polymethyl methacrylate (PMMA) is recommended. Finally, for the reporting of results, as 
many experimental details as possible need to be given including not only excitation 
wavelength and power, but ideally power density at the sample position. Further the 
measurement atmosphere and information related to the history of the sample (such as sample 
was kept in the dark for x amount of time under y atmosphere) should be given. 
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3. Photoluminescence 
Photoluminescence (emission of light after photon excitation) is a versatile non-destructive 
optical phenomenon with many experimental variants. Given the high absorption coefficient of 
metal halide perovskites of > 105 cm-1 for wavelengths above the bandgap,[67] the absorption 
depth is less than 100 nm which is smaller than the typical film thicknesses of 300-500 nm used 
for photovoltaic devices.[8] A detailed overview about the general optical processes involved in 
semiconductors can be found in chapter 7 of reference[68] and in reference.[69] More general 
guidance on the detection and interpretation of PL spectra can be found in chapter 7 of reference 
[70] and in reference.[71] 
Since the most basic PL measurement requires only a few components, namely, a 
monochromatic illumination source and a detector/spectrometer (Figure 2a), many laboratories 
use PL spectroscopy to characterize perovskite films and nanocrystals. Using more advanced 
setups, PL can be also combined with other measurement techniques like UV-Vis or performed 
during spin coating or annealing processes (Figure 2b). 
 
Figure 2: a) Schematic of the most basic PL setup consisting of a monochromatic light source, the sample and a 
detector. Reproduced with permission.[72] Copyright 2018, Royal Society of Chemistry. b) Schematic of a PL setup 
with integrated spin coater device (5), hot plate (3) and white light source (8) for transmission measurement for 
comprehensive in situ characterization. Designed and built by Buchhorn et al. Reproduced with permission.[73] 
Copyright 2018, Royal Society of Chemistry. c) Schematic of a micro PL setup with additional imaging 
capabilities. Adapted with permission.[71] Copyright 2018, Cambridge University Press. 
 
The simplest form of PL measurements is carried out in steady state condition using a 
continuous, pulsed or chopped illumination for charge carrier excitation. The light source 
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chosen for this is typically a laser source or a LED with a narrow emission spectrum. The 
generated luminescence is then guided to a spectrometer commonly using some kind of 
collection optics and an optical fiber. Within the spectrometer the light is spectrally resolved 
and guided to a detector. Detection is mostly done in one shot using Silicon or InGaAs-detector 
arrays but alternatively can also be done stepwise by scanning though the wavelengths and 
using a photomultiplier (or another detector). The measurement time for sufficient signal-to-
noise ratios is strongly dependent on the excitation density, radiative efficiency of the probe as 
well as the setup geometry and specifications (especially numerical aperture, alignment and the 
diameter of the optical fiber). As a rough guideline, using a photon flux similar to the AM1.5 
sun spectrum measurement time below 1 seconds are feasible depending on sample quality. 
Spectrally resolved PL of perovskites at room temperature generally exhibit one broad peak 
corresponding to the band-to-band transition of the semiconductor. The energy of the peak 
maximum can in first approximation be interpreted as the bandgap of the sample.[70][74] The 
peak width is dependent on the temperature, internal strain, Urbach tailing, and Froehlich 
interaction between charge carriers and longitudinal optical (LO) phonons.[68][70][74][75] The 
Urbach energy can be derived by analyzing the low energy part of a PL spectrum (for example 
shown in reference [76]) which among other things is affected by shallow defects, disorder in 
the semiconductor and bandgap fluctuations. If a setup is calibrated correctly the absolute 
number of photons per second and square centimeter can be derived allowing the determination 
of the external radiative efficiency (also named PL quantum yield (PLQY) or PL efficiency 
(PLE)). This quantity is on the order of a few percent for good quality absorber layers[50][77][78] 
and is directly linked to the quasi Fermi level splitting and the implied voltage of a solar 
cell.[79][80] On a side note it should be mentioned that the interpretation of PL spectra can be 
impeded by thin film interference effects,[81][82] insufficient background correction as well as 
drifting spectrometer calibrations. 
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Spatially resolved PL images can be obtained by either using a micro PL setup with a scanning 
probe station (Figure 2c), or by using a lens for widefield imaging in combination with a 
camera. Commonly CMOS or silicon cameras are used for the latter, enabling fast data 
acquisition and short measurement times. However, the PL signal is then integrated and the 
information about the energy distribution is lost. A hyper spectral image where each pixel 
represents a full spectrum can be achieved by either scanning across the sample and measuring 
a spectrum for each point (spatial scanning) or by various bandpass filters to measure different 
energy regimes after each other (spectral scanning). A third option is to use a grating in front 
the camera and to use the first order diffraction to gain information about the position and 
intensity as well as the second order diffraction to get spectral information.[83][84] Depending on 
the microscope type used (wide field, confocal, super resolution) and the post-processing 
applied, resolution from a few tens of micrometers to below the diffraction limit are possible. 
 
3.1  Monitoring of Synthesis 
The chemistry and synthetic details of halide perovskite materials not only play a crucial role 
for final device performance but also for stability, morphology, phase formation, as well as 
electrical and optical properties. The growth of crystalline perovskite films involves several 
complex processes for which no general theories have been established.[8] In this regard, steady 
state in situ PL measurements during synthesis of halide perovskite thin films or nanocrystals 
present a valuable tool to shed light on synthesis mechanisms, nucleation and growth, and to 
establish precursor chemistry – property relationships. In this part, we will discuss a few 
synthesis examples were in situ PL was used to track perovskite thin film and nanocrystal 
formation. Figure 3 shows a selection of in situ PL measurements demonstrating the variety of 
processes that can be monitored and data extracted. 
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Figure 3: a) Evolution of the PL intensity depending on the annealing temperature and correlation to device 
efficiency for each temperature/time combination. Reproduced with permission.[33] Copyright 2016, Wiley-VCH. 
b) Synthesis of FA1-xMAxPbI3 films using a stoichiometric (left) versus c) over-stoichiometric MAI-rich (right) 
precursor. Adapted with permission.[72] Copyright 2018, Royal Society of Chemistry. d) Shift of PL spectra after 
benzoyl bromide injection initiating CsPbBr3 nucleation and growth. Reproduced with permission.[39] Copyright 
2019, Royal Society of Chemistry. e) Evolution of PL peak position and corresponding FWHM during nanocrystal 
growth. Reproduced with permission.[85] Copyright 2018, American Chemical Society.  
 
Optimization of thermal annealing (duration and temperature) is a crucial step during synthesis 
and precursor conversion to form halide perovskites.[8][22][33][86][87] Franeker et al.[33] used in situ 
PL to study formation of MAPbI3 layers deposited by a hot casting method in air and correlated 
observations to solar cell efficiency. In particular the PL quenching, that is charge carrier 
recombination, was investigated on glass/PEDOT:PSS/MAPbI3 architectures during annealing 
of the perovskite film. It was found that the PL intensity decay showed a very fast, temperature 
dependent, exponential component at the beginning followed by a slower decay behavior 
(Figure 3a). The authors suggested two different mechanisms to explain this observation: 
changes in chemical composition and in crystal habit and size. The highest annealing 
temperature studied (97 °C) for about 7 min resulted in the highest power conversion 
efficiencies.[33] 
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In situ PL is also helpful in evaluating new synthesis pathways for example using non-
stoichiometric instead of stoichiometric precursors with mixed organic cations. Enabled by in 
situ PL, Xie et al.[72] found that if a stoichiometric precursor is used to form (FA,MA)PbI3 an 
amorphous precursor phase appeared with a PL peak at 1.97 eV and a broad full width at half 
maximum (FWHM) (Figure 3b). This peak is linked to the formation of the unfavorable δ-phase 
as shown by XRD which can only be converted to the desired α-phase by annealing. 
Conversely, the reaction with excess MAI (over-stoichiometric precursor) resulted in direct 
formation of MAPbI3 (PL peak at 1.59 eV) followed by a gradual peak shift to lower energy 
(Figure 3c). The smaller molecular mass size of the MA likely facilitates the direct formation 
of the α-phase due to the easier penetration of the PbI6 framework. The shift towards lower 
energies originates from the substitution of MA by FA. From those observations, it was 
concluded that the ion exchange when using excess MAI starts early on at the liquid-to-solid 
state transformation. In this example, PL is particularly powerful to shed light on the early 
stages of crystallization where often amorphous materials form first and thus XRD has 
limitations. 
Wagner et al.[88] monitored the 2-step reaction process where first PbI2 is formed to react with 
MAI in the second step by in situ PL and external quantum efficiency (EQE). The authors 
distinguished 3 phases. Initially, the PL intensity increases and red-shifts which is attributed to 
crystal growth. In the second phase the PL intensity decreases caused by quenching boundary 
effects and finally PL stabilizes in the third phase. Interestingly, high PL intensity did not 
correlate with the simultaneously measured photocurrent. Only after the PL intensity stabilized, 
the photocurrent increased which is explained by improved surface alignment between the 
perovskite and the contact layers.  
Protesescu et al.[89] used in situ PL to track the fast nucleation and growth of CsPbX3 (X = I, 
Br, Cl) nanocrystals and conclude that the majority of the growth is completed after 1-3 
seconds, the faster the heavier the halides. The typical PL features observed during nanocrystal 
 [14] 
 
synthesis are a broad peak at high energy stemming from surfactants. As soon as formation is 
triggered (e.g. by hot injection or halide precursor injection) red shifting of the PL maximum 
and peak narrowing is observed until PL emission wavelength is constant indicating nucleation 
and growth until growth is terminated (Figure 3d).[39][90] It was concluded that the size of the 
nanocrystals cannot be controlled by the growth time but is controllable with the reaction 
temperature.[39][89] In these studies nucleation kinetics were not quantified, nor attempted to 
interpret via classical nucleation theory but the results demonstrate that in situ PL could be used 
to extract detailed kinetics with respect to synthesis condition such as temperature or chemical 
composition. In a separate study in the domain of nanocrystal synthesis, in situ PL has been 
used successfully for parametric screening of quinary CsxFA1−xPb(Br1−yIy)3 compositions with 
the goal to optically engineer and fine tune emission between 700-800 nm.[85] This example 
demonstrates how in situ PL can be implemented in high throughput experimentation to enable 
compositional (PL peak position) and quality control (PL FWHM and PL quantum yield) during 
synthesis (Figure 3e)[85][91] as well as for the screening of synthetic conditions such as 
temperature and ligand ratio.[39] 
Next, in situ PL measurements can be very powerful in monitoring chemical composition tuning 
i.e. ion exchange reactions at the cation or anion site. Cation exchange such as Cu, Cd, In, and 
Zn is well studied in nanocrystals and often results in better material properties compared to the 
initial material.[92] This strategy can enable compositions which are difficult to synthesize 
directly from the precursor. Pellet et al.[93] used PL emission to track halide substitution in the 
crystal lattice of MAPbX3 (X = Cl, Br, I) by other halides via dipping of the perovskite film in 
MAX dissolved in anhydrous 2-propanol (Figure 4). It was found that the anion in the dipping 
solution dictates final halide composition with the chemical potential difference as the driving 
force. The PL and diffraction peak positions were used to extract compositional information 
i.e. the I:Br ratio. Conversion from MAPbBr3 (characterized by PL emission at 535 nm or 
2.32 eV) to MAPbI3 (characterized by PL emission at 760 nm or 1.63 eV) shows a sharp red 
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shift in the beginning (Figure 4a) which would correspond to a much higher iodide content than 
indicated by XRD measurements. Consequently, the PL peak position was hypothesized to be 
caused by local iodide-rich domains which funnel carriers where they eventually recombine. 
Full substitution of Br by I is not achieved even after 1 hour of reaction. Interestingly, the 
reaction in the other direction, from MAPbI3 to MAPbBr3 advances faster due to the favorable 
thermodynamics, crystal lattice shrinkage and higher surface area (Figure 4b). The blue-shift in 
PL correlates with XRD. However, no PL signal was observed between 535 – 609 nm which 
was explained by a PL inactive composition window given that XRD reflections continuously 
shift. Full anion exchange was confirmed by XRD after 5 minutes while PL indicated much 
faster completion. This discrepancy was attributed to local laser heating facilitating a faster 
anion exchange. In nanocrystal synthesis, Nedelcu et al.[94] found very fast anion exchange 
(several seconds) in the CsPbX3 (X = Cl, Br, I) system with high PL quantum yield throughout 
the exchange reaction. Similarly, fast cation exchange has been reported in the (MA,FA)PbI3 
system.[95] Exposure to the other cation resulted in PL peak broadening which was attributed to 
structural disorder or a strained perovskite phase.  
 
Figure 4: Time evolution of ion exchange reaction revealed by in situ PL. a) conversion from MAPbBr3 to MAPbI3, 
and b) from MAPbI3 to MAPbBr3. Upper part: individual spectra, lower part: corresponding contour plots. 
Reproduced with permission.[93] Copyright 2015, American Chemical Society. 
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Overall in situ PL measurements are a valuable tool to investigate and control early nucleation 
and crystallization processes as well as ion exchange reactions. As materials likely form 
amorphous phases initially, PL can provide more information than diffraction measurements. 
Use of PL to monitor compositional changes can be instrumental given the correlation between 
bandgap and for example halide composition. However, it is a double-edged sword because 
light can induce local halide segregation resulting in locally different composition than in the 
bulk.  
3.2  Light Soaking Effects, Ion Migration and Sample Degradation 
In situ PL monitoring is not only a powerful method to investigate synthesis with the quest to 
unveil mechanistic insights, understand the role of precursor chemicals, or study growth 
kinetics, but also capable of probing photophysical processes. Here we focus on light induced 
effects and how to understand them. In this regard, researchers often use the terms light soaking, 
continuous laser irradiation or continuous optical excitation instead of in situ PL, when a sample 
is exposed to illumination (continuous or pulsed excitation) at fixed power and excitation 
wavelength while recording PL spectra over a certain time.  
One of the most effective strategies to tune the bandgap of metal halide perovskites over a large 
portion of the visible spectrum is via halide substitution.[6][13][96] Although substitution of iodide 
with bromide increases the bandgap, a corresponding increase in open-circuit voltage (VOC) 
was not found.[6] The reason for the so called VOC deficit was explained by Hoke et al.
[53] who 
found that mixed MAPb(I1-xBrx)3 exhibit light-induced, reversible, transformations into iodide- 
and bromide-rich domains. In fact, continuous monitoring via PL over 45 s in 5 s increments 
revealed that an additional peak forms at lower energy which increases in intensity over time 
(Figure 5a). This finding was the first indication that halides are highly mobile in MAPb(I,Br)3. 
It triggered a lot of research interest and in situ PL was and still is a highly useful tool in the 
attempt to understand halide movement.[55][76][97]–[99] Following the evolution of the PL signal 
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was instrumental in concluding that light-induced halide segregation is triggered by electric 
fields as a consequence of trapped charge carriers and may be enhanced by carrier funneling 
into the lower energy iodide-rich domains.[55] Ruan et al.[32] found that exposure to high 
illumination power leads to decomposition of I-rich domains and consequently recombination 
occurs via Br-rich domains (emission ~530 nm). 
 
Figure 5: a) Evolution of PL spectra continuously taken on a MAPb(I0.6Br0.4)3 sample. Reproduced with 
permission.[53] Copyright 2015, Royal Society of Chemistry. b) PL spectra of FA0.17Cs0.83PbI3–xBrx films with 
increasing Br content (x = 0.8 and 1.8) and precursor solution engineering (Pb(SCN)2 with excess FAX (X = I, 
Br) in the bottom case). Reproduced with permission.[100] Copyright 2018, Wiley-VCH. c) PL intensity change over 
time under different atmospheric conditions. Reproduced with permission.[101] Copyright 2017, Elsevier B.V. d) 
Composition dependent PL hysteresis under different relative humidity levels. Reproduced with permission.[102] 
Copyright 2018, American Chemical Society. 
 
In reverse, in situ PL can provide mechanistic insights into photostability and how to improve 
it for example by compositional tuning or passivation strategies. In this regard, Barker et al. 
demonstrated that ion segregation is facilitated by halide defects.[99] Moreover, via continuous 
PL monitoring they found that halide segregation can be suppressed by controlling the light 
distribution or the defect density in the film.[99] Zhou et al.[100] compared PL intensity change 
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over time in wide-bandgap Cs0.17FA0.83PbI3–xBrx (x = 0.8, 1.2, 1.5, and 1.8) perovskites and 
found better stability under illumination when synthesized with FAX (X = I, Br) excess (Figure 
5b). A synergistic effect between larger grain size, reduced number of impurities, and 
passivated grain boundaries was suggested to explain superior photostability.[100] In another 
example, improved photostability in CsPbI2Br was found using a functionalized cathode 
interlayer and was explained by passivated electronic surface trap states.[103] Also the 
suppression of ion migration using oxygen to passivate halide vacancies has been shown.[52][104]  
There are multiple reports on photochemical reactions or chemisorption where the perovskite 
film starts to react at the surface with the surrounding atmosphere under light. This has been 
shown by in situ PL measurements where an intensity change over time was observed if 
perovskite samples were measured in air, moisture, N2, O2, or vacuum (Figure 
5c).[32][35][52][55][65][101] These processes are suggested to be rate limited depending on (i) the light 
absorption depth which causes photoinduced iodide migrations and consequently a gradient in 
iodide vacancies with the largest density at the surface, and (ii) diffusion of the atmospheric 
atomic species i.e. O2.
[35] An in depth photophysical understanding of underlying processes can 
be enabled via PL measurements and we describe a few reports here although plenty reports are 
devoted to this phenomenon. Note that some of the results are contradicting and there is 
currently no clear consensus on the impact of light in combination with a specific 
environment.[35] 
Early on, Galisteo-López et al. and others reported that O2 in the atmosphere is crucial for 
substantial PL enhancement in MAPbI3.
[52][65] Further, for MAPbI3, light and atmospheric 
exposure was found to impact PL intensity negatively in N2/vacuum but leads to an 
enhancement in O2 and/or humidity.
[35] Backed up by density functional theory calculations 
findings were explained by little change in the surface band structure upon N2 or H2O 
adsorption but a large reduction in trap states when O2 is adsorbed.
[35] Further, N2 has little 
effect on PL because it is unable to undergo a redox activity or a surface conversion reaction as 
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O2 and H2O, respectively, can do.
[35] O2 is photochemically reduced to O2
- which is similar in 
size as the iodide ion and thus, effectively occupies iodide vacancies.[101] In contrast, light and 
O2 induced degradation of mixed halide perovskites MAPbIxBr3-x via deprotonation reaction of 
the MA-cation was suggested recently.[32] In moisture, removal of surface trap states upon 
surface conversion into a hydrate phase was found.[35] The nature of the specific grain that is 
dark/bright grains also matters and is discussed later. The impact of the environmental 
conditions in CsxFA1−xPb(IyBr1−y)3 perovskites was studied by Howard et al. 
[102] They found 
humidity-induced PL intensity hysteresis curves (Figure 5d) [102] and composition dependent 
(Cs/Br ratio) PL enhancement under different relative humidity levels.[102] In a different study 
on FAPbI3 it was stated that the PL enhancement effect depends on the interplay between 
moisture-assisted light-healing and moisture-assisted degradation and correlates with the 
humidity level and laser power.[105] Song et al., used in situ PL to elucidate the degradation 
mechanisms in high humidity and divided it in four stages (MAPbI3 case): humidity-assisted 
surface passivation, followed by n-type doping, formation of the monohydrated perovskite 
interface and finally, conversion to the hydrate phase.[106] As a last example and to showcase 
how phenomena are interconnected, Knight et al. reported that the halide segregation dynamics 
strongly depend on the atmospheric environment.[55] Their results suggest that light-induced 
halide segregation is triggered by electric fields which arise from trapped charge carriers.[55]  
3.3  Lateral Variations and Heterogeneities 
More insights about afore mentioned phenomena such as phase segregation under illumination 
and other stressors can be gained when investigated by spatially resolved PL. For instance Zhao 
et al.[37] studied the usage of perovskite seed crystals in a PbI2 precursor layer. This approach 
has the advantage that cesium (incorporated in the seed crystals) can be homogenously 
incorporated into the films, strongly enhancing the stability of the perovskite absorber, and that 
the crystals act as sources for crystal growth overcoming energetic barriers employed by Gibbs 
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free energy. In this study laterally resolved PL was used to confirm the uniformity of seed 
crystals in the seed layer and additionally to investigate film growth during synthesis in situ. In 
the initial PL image of the seeding layer (Figure 6a) the bright spots correspond to seed crystals. 
Those crystals facilitate fast and homogenous layer growth within seconds (Figure 6b-c). The 
growth rate is much faster at seed crystals than for random nucleation (red circle in Figure 6b) 
and was estimated with this method to be about 1 µm s-1. After a total of 13 s the film is 
completely formed (Figure 6c) showing the rapid growth of perovskites. 
 
Figure 6: a-c) PL imaging during growth of a mixed hybrid perovskite from a seed crystal containing PbI2 layer. 
White circles indicate spots with seed crystals and the red circle growth without. Reproduced with permission. [37] 
Copyright 2018, Nature Publishing Group. d-g) PL maps of a MAPb(Br,I)3 crystal under constant illumination 
measured over time. Investigated is only luminescence in the wavelength region from 660 to 700 nm, 
corresponding to the emission from an iodine-rich phase. The scale bar represents 5 µm. Reproduced with 
permission.[60] Copyright 2019, Wiley-VCH. h) Integrated PL map of a MAPbI3 perovskite film with 
distinguishable dark and bright grains. i) Light soaking behavior of a dark and bright grain over time under dry 
and humid conditions. Reproduced with permission. [35] Copyright 2018, Wiley-VCH. 
 
Mao et al.[60] applied hyperspectral imaging to investigate the light soaking and phase 
segregation processes in MAPb(Br,I)3 single crystals which has been discussed previously for 
thin films. Initially, the crystals show luminescence around 550 nm corresponding to a mixed 
phase with a high bromide content. Under continuous illumination the shape of the spectrum 
changes and a second peak around 700 nm appears, corresponding to PL from an iodide-rich 
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phase. Investigating the lateral distribution of PL from this iodide-rich phase (660 nm to 
700 nm) an increasing signal at the edge of the crystal is observed under continuous blue 
illumination (Figure 6d-g). Applying the same technique to thin films yields similar results as 
shown by Tang et al.[107] They found that with ongoing illumination the PL spectrum of bulk 
grains does not exhibit any peak shift or strong luminescence quenching. However, the 
luminescence emitted from the grain boundaries showed the known appearance of a secondary 
peak over time at lower energies commonly attributed to an iodide-rich phase. Both studies thus 
directly show phase segregation of iodide mainly towards the grain boundaries. On a larger 
scale of several tens of micrometer Zhong et al.[108] showed the light driven formation of well 
luminescent and non- luminescent spots. In the latter case a migration of the mobile iodide ions 
towards the un-illuminated back site driven by the optical field induced by the illumination is 
proposed. 
Also for the MAPbI3 ternary strong ion migration has been shown
[109] and lateral PL studies 
revealed strong differences in between grains[35][110][111] as well as on larger scales.[111]–[113] 
Pioneering work by deQuilettes et al.[110] showed by combining SEM and confocal PL that even 
for high quality materials the PL signal between grains strongly varies and that grain boundaries 
are not as benign as assumed. Time resolved PL measurements indicate faster carrier 
recombination and higher trap densities in dark grains, possibly linked facet orientation.[114] 
Brenes et al.[35] picked up this work and in detailed looked how the properties of dark and bright 
grains change under illumination in dry or humid atmospheres (Figure 6e-f). If those film are 
exposed to N2 the PL of both, light and dark grains, initially drops slightly. Measured in 
humidified N2 bright grains slightly improve whereas dark grains nearly show doubled PL 
emission intensity, having similar yields to bright grains in the end. The same experiment 
carried out with compressed air, meaning that O2 is available, shows that PL emission of bright 
grains is stable in air whereas for dark grains again a strong improvement is observed. If 
furthermore humidity is added both dark and bright grains show further PL enhancement 
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(Figure 6f). Looking at the local lifetimes an improvement in both atmospheres after the 
introduction of moisture is observed. Those results show that a reduction of non-radiative 
recombination especially in dark grains with a higher defect density can be reached by exposure 
to humidity and O2 under illumination. In the dark no or much slower reactions are observed, 
showing the key role of illumination for the improvements in optical properties. Theoretical 
calculations explain this by the binding of O2 to iodide vacancies. In case of humidity the 
formation of a passivating film on the surface is postulated. Those findings for the local 
behavior under various conditions could only be found by in situ PL measurements and 
contributed strongly to the understanding of light soaking and degradation mechanisms. 
Spatially resolved PL measurements combined with time resolved PL measurements are 
powerful tools to study local recombination kinetics and local optical properties. With 
hyperspectral imaging especially phase segregation can be studied in detail, directly showing 
the ion migration towards grain boundaries but it is also useful to reveal growth dynamics and 
determine growth rates. 
3.4  Monitoring Phase Transitions Induced by Temperature and 
Pressure 
This last section about PL focusses on the investigation of phase transitions induced by 
temperature and pressure. The investigation of phonon coupling will be briefly mentioned but 
the classical use of low temperature PL for defect spectroscopy will not be discussed here, as it 
is not within the scope of this review.  
Most halide perovskites are polymorphic materials exhibiting temperature dependent phase 
transitions. For example, the phase transition from orthorhombic to tetragonal structure in 
MAPbI3 happens between 130 and 150 K and can be monitored by PL due to distinct bandgaps. 
A good example for this type of measurements has been published by Wright et al.[115] who 
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investigated the (MA,FA)Pb(I,Br)3 composition (Figure 7a-d). The phase transition can be best 
seen looking at the peak position which for decreasing temperatures first shows a red shift. For 
all compositions studied this peak shift changes into a blue shift around 150 - 170 K indicating 
the phase transition to an orthorhombic structure. Depending on the composition, the formation 
of the low temperature phase can also be seen by the formation of a new emission peak as 
observed for MAPbI3 (Figure 7b) and shown for MAPbCl3 in other studies.
[116][117] 
 
Figure 7: a-d) Normalized PL heat maps of several perovskite composition plotted over temperature. Reproduced 
with permission [115]. Copyright 2016, Nature Publishing Group. (e-h) False color image of a MAPbI3 e,f) and a 
FAPbI3 g,h) sample with blue representing luminescence from the orthorhombic phase (OP) and red from the 
tetragonal phase (TP). Reproduced with permission. [38] Copyright 2017, Royal Society of Chemistry.  
 
From the same measurements conclusions about the phonon interaction can be derived by 
plotting the linewidth over temperature and fitting a model. The model describes the scattering 
of charge carrier and phonons as outlined in several publication.[115][118]–[121] This model 
accounts for a temperature independent broadening from imperfections, a broadening from 
acoustical phonons, a broadening from optical phonons and from scattering of ionized 
impurities. From the fitting it can be derived that the Fröhlich interaction between charge 
carriers and optical phonons is the main contribution to the observed linewidth broadening in 
the investigated hybrid perovskites. Similar results have also been shown for FAPbBr3 
[119] and 
FAPbI3 nanocrystals.
[118] The existence of those longitudinal optical phonons was directly 
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shown by Fu et al.[120] They investigated FAPbI3 nanocrystals at low temperature and observed 
three distinct phonon replicas of an excitonic transition.  
In order to investigate crystal phase transitions laterally Galkowski et al.[38] combined 
temperature dependent measurements and hyperspectral PL imaging. They studied several 
compositions in the (MA,FA)Pb(I,Br)3 material system. All investigated compositions exhibit 
the low temperature phase transition from tetragonal to orthorhombic, however not all 
crystallites change into the orthorhombic structure. Especially for MAPbI3 samples about 20 % 
of the probed region shows PL footprints of the tetragonal phase even at 4 K (Figure 7e-f). 
Doping with aluminum significantly reduces incomplete phase transformation and the authors 
claim this is the origin for a 2% higher power conversion efficiency. The study also showed 
that the FAPbBr3 system, which at room temperature shows a similar distribution of 
luminescence spots compared to MAPbI3 and FAPbI3, behaves quite different at low 
temperatures. At low temperature, macroscopic regions of more than 100 micrometer form 
which consists of tetragonal or orthorhombic phase (Figure 7g-h). The formation of such large 
domains is speculated to be related to the small difference in free energy between the phases 
for this composition likely allowing the phase transition to propagate more easily. 
PL is also a powerful tool to study phase transitions induced by pressure. Wang et al.[122] showed 
with in situ PL and UV-Vis measurements that the bandgap transition of MAPbI3 at atmospheric 
pressure at room temperature is indeed indirect and only with increasing pressure a direct 
bandgap forms which is about 60 meV larger than the indirect transition. The low energetic 
difference between the two bandgaps allows a high absorption coefficient as well as a low 
recombination rate due to the indirect nature of the low energy transition. Looking at other 
compositions like MAPbBr3 and using higher pressures two phase transitions and a reversible 
amorphization have been shown by PL.[123][124] Similar studies have been performed on most 
other compositions and an overview about pressure induced effect can be found 
elsewhere.[125][126] 
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4. UV-Vis 
Complementary to PL where the de-excitation from an excited state to the ground state is 
probed, UV-Vis spectroscopy investigates the wavelength dependent excitation of charge 
carriers from the ground state to an excited state. For this typically a broad light spectrum 
reaching from the near ultra violet to the near infrared region is used to excite charge carriers. 
Depending on the measurement configuration, light transmission or reflection is measured. 
Similar to PL, the detected light can be measured in one shot using a detector array or by 
scanning through the wavelengths with a monochromator. It should be noted that UV-VIS 
measurements are normally relative in comparison to a reference sample, which can be a 
substrate without active layer or an empty cuvette. In reference[71] more details about UV-Vis 
measurements and how to interpret the data can be found. It is possible to use the same optical 
components within one setup for PL and UV-Vis measurements and record both properties 
quasi-simultaneously as demonstrated by Buchhorn et al.[73] (Figure 2b). 
UV-Vis measurements in other fields are widely used to determine concentrations of additives 
in solution or to investigate conjugated polymers and their vibronic structure. In organic PV it 
is possible with in situ UV-Vis measurements to investigate how polymer chains orientate 
(formation of J and H aggregates) in the drying films from which the electronic properties of 
the finished thin films can be predicted.[127][128] In the field of perovskite solar cells UV-Vis 
spectroscopy is mostly used to investigate the total absorbance which is the logarithm of the 
ratio between transmitted and incident light. Since in practice the incoming light can fluctuate 
the transmitted light through the sample is divided by the reference measurement. From the 
absorption on-set in a UV-Vis spectrum, the bandgap as well as Urbach tailing can be derived. 
In the following a few examples on how in situ UV-Vis measurements are used in literature and 
what information can be gained will be given. 
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4.1 Monitoring of Synthesis 
Since absorbance is extracted from UV-Vis measurements, it can be deployed to track the 
formation of light absorbing layers and particles. An early example for the usage of UV-Vis to 
study the synthesis and alloying of MAPbI3 with chloride is given by Unger at al.
[26] The 
absorption of the precursor was studied during one hour of annealing (Figure 8a). Within the 
first 30 minutes the absorption below 740 nm continuously increases indicating the formation 
of MAPb(Cl,I)3. After this the absorption is constant hinting that the reaction is complete. 
Comparing the absorption traces at 570 nm and 740 nm (Figure 8b) illustrates that initially the 
absorption at lower wavelengths increases, possibly related to the formation of an intermediate 
phase before the formation of MAPb(Cl,I)3. 
 
Figure 8: a) Change of absorption with time during annealing of MAPb(Cl,I)3 sample b) Profile of absorption at 
570 nm and at 740 nm over time. Reproduced with permission.[26] Copyright 2014, American Chemical Society. 
c) Time resolved UV-Vis absorption of a drying perovskite film coated by blade coating d) Absorbance of the same 
drying process at 500 nm and 700 nm e) first 250 seconds of an air-knife-assisted drying process. f) Absorbance 
at 500 nm of both drying processes. Reproduced with permission.[27] Copyright 2019, Wiley-VCH. 
 
Several techniques have been successfully implemented to deposit halide perovskite thin films 
on different length scales each with specific crystallization dynamics.[8] A good example on 
how in situ UV-Vis can be used to investigate the crystallization during those deposition 
methods is given by Hu et al.[27] They investigated the drying kinetics of 
Cs0.05FA0.81MA0.14PbI2.55Br0.45 films deposited by meniscus blade coating. Measuring the UV-
Vis absorption of a natural drying layer, three distinguished stages are observed (Figure 8c-d). 
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Within the first 390 s no absorption is observed at 500 nm, indicating a low concentration of 
solids in the solution and no nucleation occurring. In the second stage the absorption increases 
due to nucleation and crystal growth induced by the increasing concentration due to solvent 
evaporation. After roughly 850 s the absorbance stabilizes showing the film formation process 
is completed. However, this natural drying process leads to inhomogeneous film formation with 
poor coverage. To improve the drying kinetics a laminar airflow of N2 is added 40 s after the 
deposition. Within seconds after the air flow is initiated a strong increase in the absorbance at 
500 nm is observed which saturates within another few seconds (Figure 8e). Comparing the 
absorbance of the two drying processes (Figure 8f) a nearly two order faster growth for the air-
knife assisted process is measured. The usage of N2 thus greatly accelerates solvent drying, 
gives a better solvent evaporation control and yields homogenous thin films after annealing.  
Yamada et al.[129] used UV-Vis to track the crystallization on longer time scales. They 
investigate MAPbI3 samples which are formed by depositing a PbI2 layer by spin coating, 
followed by a dip in MAI solution and annealing on a hotplate. PL shows a clear improvement 
in the decay time over the course of 75 hours which can be explained by looking at the UV-Vis 
data. The data exhibits a clearly defined absorption edge at 1.6 eV corresponding to the bandgap 
of the formed MAPbI3 layer, but also a second absorption on-set at 2.4 eV corresponding to the 
bandgap of unreacted PbI2. Over time the high energy absorption edge decreases indicating 
consumption of PbI2 to form perovskite. The same measurements also showed an improvement 
in the steepness of the absorption edge of the MAPbI3 likely related to a better crystal structure. 
Looking at the absorption on-sets of the different constituents can thus be used to track 
crystallization processes. 
Besides studying crystallization dynamics, tracking of ion exchange processes is possible with 
UV-Vis measurements. The cation exchange for the (FA,MA)PbI3 system was shown for 
nanocrystals by Hills-Kimball et al. [130] and for thin films by Eperon et al.[95] Additionally, the 
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suppression of anion exchange in between nanocrystals by oleate capping was studied with in 
situ UV-Vis by Ravi et al.[29] 
Although not a real in situ measurement technique, it should be mentioned that the reflection 
spectrum from a solution during spin coating or blade coating can be used to determine the film 
thickness and thus to fine tune the process. Due to thin film interference the reflection profile 
of those films exhibit plenty of interference peaks, which with knowledge of the refractive index 
of the film can be used to calculate the film thickness.[131] For perovskites this has been shown 
to yield good process control for spin coating [21] as well as blade coating.[132] 
 
4.2 Ion Migration and Sample Degradation 
As discussed in the PL part, the understanding of degradation behaviors and pathways is crucial 
to advance perovskite solar cells. Similar to PL, UV-Vis can be used to track ion migration, 
although only on a larger lateral scale. A recent example for this is given by Scheidt et al.[28] 
who investigated the ion migration in graded CsPbI3-xBrx thin films. A graded sample initially 
shows absorption both around 575 nm from bromide-rich regions and at roughly 650 nm from 
iodide-rich regions (Figure 9a). With ongoing annealing, the absorption around 650-700 nm 
diminishes and the absorption edge of the bromide-rich phase at 575 nm shows a red shift. Both 
features indicate a homogenization of the film. A mono exponential growth is observed when 
plotting the absorbance at 600 nm over time (Figure 9b) which can be fitted to extract the rate 
constant. Repeating this experiment at several temperature ranging from 40 °C to 90 °C gives 
the temperature dependent rate constant. Plotting them in an Arrhenius plot, an activation 
energy for the anion exchange of about 75 kJ/mol is determined reflecting the barrier for halide 
ion mobility in cesium lead perovskites. 
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Regarding the influence of the surrounding atmosphere on MAPbI3 samples Senocrate et al.
[133] 
published a comprehensive study on the effect of O2. In the experiment UV-Vis measurements 
are carried out periodically over the course of 150 hours for three sample storing conditions 
each including O2 (Figure 9c). The first sample was stored in the dark and is stable showing 
hardly any changes in absorbance. However, under light the sample nearly completely 
decomposed within 40 hours. Looking at the bandgap absorption it can be derived that the decay 
is constant in the beginning and then enhances drastically after about 30 hours (Figure 9d). This 
is explained by a decomposition reaction in which water and iodide is formed. The formed 
water then enhances the degradation leading faster decay in absorption. By supplying iodide 
the chemical balance of the decomposition reaction can be shifted and thus the degradation 
slowed down. Experimentally a two times slower degradation is observed when iodide is 
supplied, affirming the theory. However, looking at the sub-bandgap absorption a broader tail 
is observed for this condition indicating an amorphization of the perovskite layer.  
 
Figure 9: a) Absorbance of a graded CsPbI3-xBrx sample measured during annealing at 90 °C for 160 minutes. b) 
Change in absorbance at 600 nm plotted over elapse time of the annealing process. Reproduced with 
permission.[28] Copyright 2019, AIP Publishing LLC. c) Absorbance of MAPbI3 samples measured by UV-Vis for 
extended periods of time under different conditions. d) Normalized absorption at the bandgap over time for a 
MAPbI3 sample under O2 and light as well as with additional iodide particle pressure. Reproduced with 
permission.[133] Copyright 2018, Royal Society of Chemistry. Absorbance of a FAPbI3 e) and a RbFAPbI3 f) sample 
during exposure to 85% RH in the dark. Reproduced with permission.[30] Copyright 2017, Wiley-VCH. 
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Furthermore, the degradation under ambient and humid conditions is well studied by in situ 
UV-Vis measurements. Early studies showed the poor stability of MAPbI3 samples in humid 
conditions.[44][46][57][134]–[136] But also in dry condition instabilities were observed and traced 
back to the illumination conditions.[46][134][137]–[139] Using mixed cation perovskite the stability 
can be greatly improved.[7][13][30][140]–[143] One example for this is the addition of rubidium to 
FAPbI3 as shown by Park et al.
[30] The absorbance of a pure MAPbI3 degrades in the dark under 
highly humid conditions within a few hours (Figure 9e). By adding a small amount of rubidium, 
the tolerance against moisture is greatly increased resulting in no change in absorbance within 
24 hours (Figure 9f). Finally, using a mixture of 2D and 3D perovskites leads to enhancements 
in the stability, without a change in absorbance under ambient conditions for 40 days.[144][145] 
Besides making the absorber layer more robust, the usage of passivating transport layers with 
hydrophilic properties has been tested and promising results have been reported.[146][147] 
4.3 Monitoring Phase Transitions Induced by Temperature and 
Pressure 
Similar to PL, UV-Vis can be used to study phase transitions induced by temperature or 
pressure. An early study for the temperature dependent phase transition from the tetragonal to 
the orthorhombic phase in MAPb(I,Cl)3 samples was published by Wehrenfennig et al.
[148] 
During the heating of the sample from 4 K to room temperature a clear shift in the absorption 
edge around 140 K was observed (Figure 10a). Surprisingly, this shift occurs at 120 K during 
cooling of the sample (Figure 10b). If slower heating and cooling rates are used even larger 
differences can be measured, revealing a large hysteresis. Looking closer at the shape of the 
UV-Vis data a peak above the absorption edge attributed to resonant formation of excitons is 
observed, especially at low temperatures. By studying the decay of the peak and the broadening 
of the absorption on-set with increasing temperatures, the exciton binding energy can be 
determined.[149] 
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Figure 10: a) Optical density of a MAPbI3-xClx sample measured while heating from 4 K to 297 K. b) Optical 
density at 1.65 eV during cooling from 160 K to 40 K (blue squares) as well as heating (red circles). Reproduced 
with permission.[148] Copyright 2014, AIP Publishing LLC. c-d) Direct bandgap Tauc plots of a MAPbI3 sample 
measured at different pressure conditions. e) Comparison of measured bandgap and theoretical calculation for 
two different crystal structures. Reproduced with permission.[150] Copyright 2016, National Academy of Sciences. 
 
Also phase transition with pressure are broadly studied with UV-Vis, since using Tauc plots the 
bandgap can be closely followed. For instance Kong et al.[150] investigated MAPbI3 single 
crystals and found that with increasing pressure the determined bandgap initially decreases 
(Figure 10c). Increasing the pressure above 0.5 GPa induces a jump in the bandgap which 
afterwards is stable (Figure 10d-e). This jump was explained by a phase transition from the 
tetragonal I4/mcm to the orthorhombic Imm2 phase for MAPbI3 as verified by theoretical 
calculations.  
In another application Li et al.[151] used pressure and relaxation to engineer the relatively high 
bandgap of the Cs2AgBiBr6 double perovskite. Also the investigation of nanocrystals is possible 
and can for instance show a clear splitting of bound excitons with increasing pressure.[152]  
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5.   Conclusions and Outlook 
In this review we have described case studies that demonstrate the rich information that can be 
extracted by using the complementary optical techniques PL and UV-Vis in situ. Topics 
covered are monitoring of synthesis, nucleation and growth, compositional tailoring via ion 
exchange reactions, as well as degradation, ionic movement, and phase transitions. All the 
aforementioned phenomena have in common that they translate into bandgap changes which 
can be correlated to PL emission and UV-Vis absorption. We show that PL and UV-Vis not 
only provide valuable information when monitoring synthesis but also when investigating 
temporal evolution of properties (often referred to as “during light soaking” or “under 
continuous laser irradiation”) including optical and structural properties, and elemental 
diffusion, under various stimuli such as light, electrical bias, temperature, chemical gradients, 
and mechanical forces. Importantly, these measurements provide insights about fast processes 
happening at the seconds and sub-seconds time scales which are not as easily accessible 
otherwise. In fact, several advances made in the field were catalyzed by in situ PL and UV-Vis 
measurements. For example, in situ PL (or “continuous PL”) measurements revealed halide 
movement in mixed halide perovskites and still is the key technique to investigate transient 
changes related to mass transport under illumination. PL and UV-Vis nicely show temperature 
dependent phase transitions including spatially resolved non-uniform phase transitions. Finally, 
both techniques are very valuable in studying nucleation, growth and material formation where 
PL provides spectrally resolved information on nucleation kinetics and UV-Vis complementary 
information on presence of intermediate phases during material formation.  
Since underlying optoelectronic properties govern device performance it is important to 
correlate their origin and understand their evolution with respect to synthetic variables and/or 
external parameters such as light, heat, atmosphere. Combining optical probes (PL or UV-Vis) 
with complementary characterizations recorded simultaneously can provide a powerful holistic 
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picture of mechanisms that drive processes at different time and length scales. As an example, 
PL combined with diffraction, scanning electron microscopy or atomic force microscopy can 
reveal structure-morphology-property relationships. Additionally, and highly relevant for 
device operation, is information gathered from PL of halide perovskites exposed to electric 
fields. The latter combination can provide insights into migration and accumulation of mobile 
ions induced by the presence of electric fields with different processes happening in proximity 
to the contacts versus away from the contacts. Using calibrated PL measurements (PL quantum 
yield) in the above outlined experiments can enable quantitative information on the temporal 
evolution of recombination mechanisms. Finally, as stability is one of the major concerns for 
hybrid halide perovskite-based technologies, PL and UV-Vis measurements can be powerful to 
study degradation mechanisms and kinetics under elevated temperature and/or in different 
atmospheres.  
To summarize, we believe that further and possibly more advanced in situ optical measurements 
applied to halide perovskites will significantly advance the field with respect to the 
understanding of fundamental dynamic processes on both, macroscopic and microscopic levels 
and therefore, help to enhance performance and stability.  
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